Background: Glycogen and trehalose are storage carbohydrates and their levels in microorganisms vary according to environmental conditions. In Neurospora crassa, alkaline pH stress highly influences glycogen levels, and in Saccharomyces cerevisiae, the response to pH stress also involves the calcineurin signaling pathway mediated by the Crz1 transcription factor. Recently, in yeast, pH stress response genes were identified as targets of Crz1 including genes involved in glycogen and trehalose metabolism. In this work, we present evidence that in N. crassa the glycogen and trehalose metabolism is modulated by alkaline pH and calcium stresses.
Background
Glycogen and trehalose are storage carbohydrates found in many microorganisms and their contents vary dynamically, not only in response to changes in environmental conditions, but also throughout their life cycle. Glycogen is a polymer of glucose linked by α-1,4-linear and α-1,6-branched glycosidic bonds, while trehalose is a disaccharide consisting of two units of glucose linked by α-1,1-glycosidic bonds. The filamentous fungus Neurospora crassa accumulates glycogen during exponential growth and degrades it when its growth rate decreases [1] . Trehalose is highly accumulated in sexual spores, accounting for up to 14% of their dry weight [2] . While glycogen functions as a carbon source and energy reserve, trehalose appears to be mainly involved in stress protection in yeast and filamentous fungi [3, 4] .
In eukaryotic cells, glycogen is synthesized by the action of the enzymes glycogenin, glycogen synthase, and branching enzyme, while its degradation requires glycogen phosphorylase and debranching enzyme [5] . Glycogen synthase and glycogen phosphorylase are regulated by reversible covalent modification, such that phosphorylation activates glycogen phosphorylase and inhibits glycogen synthase [6, 7] . These two enzymes are also regulated by allosterism, such that glucose-6-phosphate and adenosine monophosphate modulate glycogen synthase and glycogen phosphorylase, respectively.
Trehalose, on the other hand, is synthesized by a large complex consisting of trehalose-phosphate synthase and trehalose-phosphate phosphatase subunits [8] and is hydrolyzed by two unrelated trehalases, which differ in their optimal pH, localization and regulation. The acid trehalase (also referred to as nonregulatory trehalase) is a vacuolar enzyme, while the neutral trehalase (also referred to as regulatory trehalase) is cytosolic and is specifically phosphorylated by the cAMP-dependent protein kinase PKA [4, 9] . In N. crassa, both glycogen and trehalose contents vary under heat shock; glycogen is degraded under heat stress, while trehalose accumulates under such a condition [1, 10] .
We have been studying the molecular mechanisms involved in glycogen and trehalose metabolism regulation in N. crassa under different conditions [11] [12] [13] [14] . Using a collection of N. crassa mutant strains in transcription factors, we identified PAC-3 as a transcription factor likely involved in glycogen metabolism regulation [15] . Further investigation showed that PAC-3 down regulates the expression of the gsn gene under alkaline pH, which is the gene encoding glycogen synthase, the regulatory enzyme in glycogen synthesis. This is consistent with the low glycogen accumulation under the same condition [12] . The Saccharomyces cerevisiae GSY1 orthologous gene is also repressed under alkaline stress [16] . PAC-3 is the homolog of the Aspergillus nidulans PacC and S. cerevisiae Rim101p proteins, which are the central regulators of the pH signaling pathway mediated by a gene cascade responsive to alkaline pH [17, 18] . In yeast, response to high pH also involves the signaling pathway mediated by the protein phosphatase calcineurin, which is triggered by an increase in cytosolic calcium. Calcineurin dephosphorylates the Crz1 transcription factor, which migrates to the nucleus leading to the regulation of calcium-responsive genes. In S. cerevisiae, alkaliregulated genes were also described to be dependent on calcineurin showing that the signaling pathway triggered by calcium may be involved in the pH response [16, 19] . Recently, many pH stress responsive genes were identified as targets of Crz1 in yeast, and among them genes related to glucose utilization, which include those involved in glycogen and trehalose metabolism [20] . Whether the response to both signaling pathways involves expression regulation of these genes deserves investigation. In N. crassa, calcineurin is an essential protein involved in hyphal morphology and required for normal growth and asexual and sexual development [21, 22] . However, its role in metabolism regulation in filamentous fungi has not yet been described.
In this work, we investigated the regulation of glycogen and trehalose metabolism under alkaline pH and calcium stresses in N. crassa, and we demonstrated that the accumulation of both reserve carbohydrates is modulated under both conditions. The expression of most genes encoding enzymes involved in both carbohydrate synthesis and degradation is regulated by alkaline pH and most gene promoters are bound by the PAC-3 transcription factor. We also showed that glycogen and trehalose accumulation is PAC-3 dependent and is differently regulated under low (10 mM) and high (300 mM) calcium concentration. Additionally, Ca 2+ induces the expression of pac-3 and regulates some genes involved in glycogen and trehalose metabolism in a wild-type strain, whose expression is regulated by PAC-3. We provide evidence that indicates the existence of a cross regulation between the pH and calcium signaling pathways. The interplay between both signaling pathways suggests an integrated regulation of the reserve carbohydrate metabolism by both pathways in N. crassa, which may be mediated by the PAC-3 transcription factor.
Methods

Neurospora crassa strains and growth conditions
Neurospora crassa FGSC#9718 (mus-51::bar), used as wild-type strain, and the FGSC#21931 (Δpal-1, NCU05876), FGSC#15867 (Δpal-2, NCU00317), FGSC#16419 (Δpal-3, NCU03316), FGSC#22412 (Δpal-6, NCU03021), FGSC#16099 (Δpal-8, NCU00007), and FGSC#13378 (Δpal-9, NCU01996) mutant strains were purchased from the Fungal Genetics Stock Center (FGSC, University of Missouri, Kansas City, MO, USA, http://www.fgsc.net) [23] . The constructions of the Δpac-3 (NCU00090) and the Δpac-3 pac-3 + (Δpac-3 his-3::ccg-1-mCh-pac-3) complemented strains were described in [12, 24] , respectively. The characteristics of all mutant strains and the gene and protein data were described in [24] . All strains were maintained on solid Vogel's minimal (VM) medium, pH 5.8 [25] containing 2% sucrose at 30°C. Conidia from 10-day old culture of wild-type, mutant, and complemented strains were suspended in sterile water and counted. For radial growth analyses, 10 7 conidia were inoculated onto Petri dishes containing solid VM medium plus 2% sucrose either at different pH or different concentration of CaCl 2 with or without cyclosporin A (Sigma) at 30°C. Images of colony morphology were captured after 24 h of growth.
For pH and calcium stresses, 10 9 conidia were first germinated in 1 L of VM medium containing 2% sucrose, pH 5.8 (time zero), at 30°C, 200 rpm, for 24 h. After this period, the culture was filtered and the mycelia were divided in samples. One was frozen in liquid nitrogen and stored at −80°C for further processing (control sample, not subjected to stress), while the remaining samples were individually transferred into 500 mL of fresh VM medium containing 0.5% sucrose at pH 7.8 (for alkaline pH stress) and 10 and 300 mM of CaCl 2 (for calcium stress). Samples were harvested after 15, 30, 60, and 120 min incubation and stored at −80°C. The mycelia samples were used for glycogen and trehalose quantification and RNA extraction.
Glycogen, trehalose and protein quantification
Mycelia pads were extracted in lysis buffer (50 mM TrisHCl, pH 8.0, 50 mM NaF, 1 mM EDTA, 0.5 mM PMSF, 0.1 mM TCLK, 25 mM benzamidine, and 1 μg/ml of each pepstatin and aprotinin). Cellular extracts were clarified and the supernatants were used for glycogen, trehalose and protein quantification. Glycogen content was quantified according to [26] and trehalose was quantified following the protocol described by [27] , with modifications. Glycogen was precipitated with cold ethanol and digested with α-amylase and amyloglucosidase and trehalose was digested with a partially purified trehalase from Humicola grisea [28] . Free glucose was quantified with a glucose oxidase kit (Labtest) and glycogen and trehalose concentrations were normalized to the total protein concentration. Total protein was quantified by the [29] method using BSA as standard.
RNA isolation and gene expression analysis
Gene expression was analyzed by RT-qPCR. Total RNA was prepared using mycelia samples according to [30] method. RNA (10 μg) from each sample was fractionated on agarose gel to assess the rRNAs integrity. RNA samples were first treated with RQ1 RNAse-free DNAse (Promega) and subjected to cDNA synthesis using the SuperScript III First Strand Synthesis kit (Invitrogen) and oligo (dT) primer according to the manufacturer's instructions. The cDNA libraries were subjected to RT-qPCR on a StepOnePlus ™Real-Time PCR System (Applied Biosystems) using the Power SYBR® Green PCR Master Mix (Applied Biosystems) and specific primers. For genes involved in glycogen metabolism, the following primers were utilized for the pac-3 (qPac3-F/qPac-3-R), gsn (qGSN-F/qGSN-R), gbn (qRA-MIF-F/qRAMIF-R), gnn (qGNN-F/qGNN-R), gpn (qGPN-F/qGPN-R), and gdn (qDESRAM-F/qDESRAM-R) amplicons (Additional file 1: Table S1 ). For genes involved in trehalose metabolism, the following primers were utilized for the tps-1 (qtps1-F/qtps1-R), tps-1α (qtps1alfa-F/qtps1alfa-R), tps-2 (qtps2-F/qtps2-R), tre-1 (qtre1-F/qtre1-R), and tre-2 (qtre2-F/ qtre2-R) amplicons (Additional file 1: Table S1 ). For crz-1 gene expression we used the qcrz1-F/qcrz1-R primers (Additional file 1: Table S1 ).
Reactions were performed under the following conditions: 95°C for 10 min, 40 cycles of 95°C for 15 s, 60°C for 1 min to calculate cycle threshold (Ct) values, followed by 95°C for 15 s, 60°C for 1 min and then 95°C for 15 s to obtain melt curves. Data analysis was performed by the StepOne Software (Applied Biosystems) using the Comparative CT (ΔΔCT) method [31] . At least four biological replicates, with three experimental replicates per sample were performed, and reactions with non-template were used as a negative control. The fluorescent dye ROX™ was used as the passive reference to normalize the SYBR green reporter dye fluorescent signal. The PCR products were subjected to melting curves analysis to verify the presence of single amplicons. All reaction efficiencies varied from 92 to 100%. The beta-tubulin gene (β-tub gene, NCU04054) was used as the reference gene in pH stress analyses and the actin gene (act gene, NCU04173) was used as the reference gene in calcium stress.
Chromatin immunoprecipitation-PCR assays
Chromatin immunoprecipitation assays were performed as described in [24] , using mycelia from the Δpac-3 pac-3 + (Δpac-3 his-3::ccg-1-mCh-pac-3) complemented strain, anti-mCherry polyclonal antibody (BioVision) and Dynabeads Protein A (Invitrogen) for immunoprecipitation. After sonication and immunoprecipitation, the DNA was quantified and 25 ng of Input DNA (IN), no Ab (N, reaction without antibody) and IP (immunoprecipitated DNA) samples were amplified by PCR using primers specific for each promoter (Additional file 1: Table S1 , ChIP-PCR). Input DNA was used as a positive control of the experiment and no Ab as negative control.
PCR was performed using Phusion High-Fidelity PCR kit (Finzymes) and specific oligonucleotides for gsn (PacC-F/SREBP-RP2), gpn (pGPNNit-F2/pGPNNit-R2), gnn (gnnPAC3-Fp/gnnPAC3-Rp), gbn (branch-FP5/ branch-RP5), gdn (DEBp-F2/DEBp-R2), tps-1 (tresyntFp/tresynt-Rp), tps-1α (alfatre-Fp/alfatre-Rp), tps-2 (trephosp-Fp/ trephosp-Rp), tre-1 (tre1-Fp/tre1-Rp) and tre-2 (tre2-Fp/tre2-Rp) promoters. A fragment of the ubiquitin gene (NCU05995), which does not have the PAC-3 motif, was amplified with the primers qUbi-F/qUbi-R and used as negative control of binding. Reactions were performed under the following conditions: 98°C for 10 s, 25 cycles of 98°C for 1 s, 60°C for 5 s and 72°C for 30 s, and then 72°C for 5 min. The reaction products were analyzed on a 2% agarose gel and visualized by ethidium bromide. Densitometry was performed using ImageJ software [32] , and the IP signals were compared to the negative control (no Ab).
Results
The pH-signaling pathway controls accumulation of the reserve carbohydrate glycogen and trehalose in Neurospora crassa
We previously identified the PAC-3 transcription factor as a putative regulator of glycogen metabolism [15] , and later we showed that PAC-3 is required for proper glycogen accumulation by down-regulating the expression of the gene encoding glycogen synthase (gsn), the regulatory enzyme in glycogen synthesis [12] . To better investigate the role of the pH signaling pathway in the control of the reserve carbohydrate metabolism, we quantified the levels of glycogen and trehalose, another reserve carbohydrate, in mutant strains in each component of the pH pathway. The pH signaling pathway includes a pH sensor located in the plasma membrane, which, once activated by ambient alkaline pH, recruits five downstream protein components to activate the PacC and Rim101 transcription factors in A. nidulans and S. cerevisiae, respectively. N. crassa shares all components (PAL proteins) with the A. nidulans and S. cerevisiae pH pathways, and all of them, except PAL-9, are required for growth at alkaline pH (7.8) [24] . First, we analyzed growth of the wild-type and Δpac-3 strains under an acid (4.2) to alkaline (7.8) pH transition. The mutant strain showed a progressive reduction of growth under pH transition, compared to the wild-type strain, and was not able to grow at alkaline pH (7.8) (Additional file 2: Figure S1 ).
We quantified both carbohydrates in mycelial samples from all mutant strains grown at normal growth pH (5.8) and in samples harvested at different times after shifting to pH 7.8. The levels of both carbohydrates were significantly higher in all mutant strains at pH 5.8 (time 0) compared to the wild-type strain, with the exception of the Δpal-9 mutant (Fig. 1) . These results suggest that a functional pH signaling pathway is required for proper carbohydrate accumulation at pH 5.8. On the other hand, the transfer to pH 7.8 led to a decrease in the levels of both carbohydrates in the wild-type and mutant strains, and the repression was stronger regarding trehalose levels indicating that alkaline pH stress has a negative effect on the accumulation of both reserve carbohydrates in N. crassa, different from heat stress, which Fig. 1 Glycogen and trehalose accumulation in the Δpal mutant strains and in the wild-type strain at normal growth pH (5.8) and alkaline pH (7.8) . Mycelia samples from the wild-type and Δpal mutant strains cultivated at pH 5.8 and 30°C for 24 h and shifted to pH 7.8 for 30 and 60 min were used for glycogen and trehalose quantification. Glycogen was digested with α-amylase and amyloglucosidase after precipitation with cold ethanol and trehalose was digested with a partially purified trehalase from Humicola grisea. Free glucose was quantified and the glycogen and trehalose concentrations were normalized to the total protein concentration. The asterisks indicate significant differences compared to the wild-type strain at the same condition (Student's t-test, P < 0.01). All results represent the average of at least three independent experiments. Bars indicate the standard deviation from the biological experiments. 0, sample before pH shifting (control sample, 24 h of growth at pH 5.8) induces trehalose and represses glycogen accumulation [10, 14] . From these results, we observed two independent results: the requirement of an active pH signaling pathway to maintain proper levels of the reserve carbohydrates in a pH independent manner, and the repressor effect of the pathway components on the carbohydrate levels. To confirm the results, we quantified the glycogen levels in the Δpac-3 pac-3
+ complemented strain at pH 5.8 and after shifting the mycelia to pH 7.8 for 1 h. The wild-type and the complemented strains showed similar glycogen levels (Additional file 3: Figure S2 ) indicating that pac-3 complementation rescues the wildtype phenotype.
Alkaline pH and PAC-3 modulate the expression of genes encoding enzymes of glycogen metabolism Since PAC-3 regulates glycogen accumulation and the expression of the gsn gene [12] , here we investigated whether glycogen accumulation is modulated by the protein components of the pH signaling pathway. In addition, we broadly investigated the expression of all genes directly involved in glycogen metabolism. Expression of gsn (NCU06687, encodes glycogen synthase), gbn (NCU05429, encodes glycogen branching enzyme), gnn (NCU06698, encodes glycogenin), gpn (NCU07027, encodes glycogen phosphorylase), and gdn (NCU00743, encodes glycogen debranching enzyme) genes was analyzed in mycelia from Δpac-3 and wild-type strains grown at pH 5.8 for 24 h and in mycelia shifted to pH 7.8 for 1 h. All genes were repressed at pH 7.8, with the exception of gnn in the wild-type strain, which was up-regulated, consistent with the repression in glycogen accumulation under the same condition (Fig. 2) . In addition, expression was dependent on the PAC-3 transcription factor under normal and alkaline pH since most of the genes were up-regulated in the Δpac-3 strain at both pH, and also consistent with the higher glycogen accumulation observed in the Δpac-3 strain at both pH (compare with Fig. 1 ). These results suggest that PAC-3 acts as a repressor of glycogen accumulation by downregulating the expression of most genes encoding the enzymes required for glycogen metabolism.
An in silico analysis of the promoter region of the genes involved in glycogen synthesis/degradation revealed the existence of the N. crassa PAC-3 DNA binding site (5′-BGCCVAGV-3′) [33] in all glycogenic Fig. 2 The expression of glycogenic genes in the wild-type and Δpac-3 mutant strains at normal growth pH (5.8) and alkaline pH (7.8) . Cells from the wild-type and Δpac-3 strains were cultured at pH 5.8 for 24 h and shifted to pH 7.8 for 1 h. Mycelial samples were collected and used to extract total RNA. Gene expression analysis was performed by RT-qPCR in the StepOnePlus™ Real-Time PCR system (Applied Biosystems) using the Power SYBR® Green and specific primers. The β-tub gene was used as the reference gene, and the wild-type at pH 5.8 was used as the reference sample. At least three biological replicates were performed in triplicate, and the data were analyzed using the relative quantification standard curve method. Bars indicate the standard deviation from the biological experiments. a, b, c, d: Letters above the bars indicate statistical significance; different letters indicate significant difference between two samples and similar letters indicate no significant difference between two samples at the same or different pH (Student's t-test, P < 0.01) promoters, except in the gpn promoter, suggesting that PAC-3 could directly regulate the expression of these genes. A schematic representation of the gene promoters and the putative PAC-3 binding sites are shown (Fig. 3a) . A ChIP-PCR assay was performed to analyze PAC-3 binding to DNA fragments containing some of these sites in vivo (shown in dashed boxes in Fig. 3a) . In these experiments, we used a Δpac-3 pac-3 + complemented strain and the anti-mCherry antibody. Chromatin was collected from mycelia subjected and not to alkaline pH stress, and binding of PAC-3 to all promoters was analyzed by PCR using the oligonucleotides described in Additional file 1: Table S1 (ChIP-PCR). As a positive control of the experiments, the input DNA (IN) was analyzed, and as negative controls, we used a region of the gpn promoter, which lacks the PAC-3 motif and the non-immunoprecipitated reactions (no Ab, N). The DNA fragments amplified in the ChIP-PCR assays (Fig. 3b) were quantified and the results were plotted (Fig. 3c ). PAC-3 was able to significantly bind to all gene promoters containing the PAC-3 motif at pH 5.8 and 7.8 ( Fig. 3b and c , P < 0.01), and binding seemed to be more intense at pH 5.8 (Fig. 3c) . The gpn promoter was not bound by PAC-3, as expected, confirming that this gene is not regulated by PAC-3 at pH 7.8 (see Fig. 2 ). Although the expression of the gnn gene was not influenced by PAC-3 at pH 7.8 ( Fig. 2) , the transcription factor bound to its gene promoter under both pH conditions (Fig. 3c) . In this case, PAC-3 could bind to the promoter but not influence its expression. Fig. 3 Binding of PAC-3 to the glycogenic gene promoters at normal growth pH (5.8) and alkaline pH (7.8). a Schematic representation of the PAC-3 DNA binding sites in the 5′-flanking regions of the glycogenic gene promoters. The black dots indicate the position of the PAC-3 motifs (5′-BGCCVAGV-3′) [33] identified and the dashed boxes indicate regions that were analyzed by ChIP-PCR. The transcription initiation site (T) in gsn was experimentally determined [11] . b Genomic DNA samples from the Δpac-3 pac-3 + complemented strain subjected to pH 7.8 stress or not subjected to it (pH 5.8) were immunoprecipitated with anti-mCherry antibody and subjected to PCR to amplify DNA fragments containing the PAC-3 motif. A DNA fragment from the gpn promoter, which does not have a PAC-3 motif, was used as a negative control of binding. The input DNA was used as a positive control and the non-immunoprecipitated reaction (no Ab) as the negative control. L, 1 kb DNA ladder. c The DNA bands from ChIP-PCR were quantified by ImageJ, and the results are shown. Asterisks indicate significant difference between no Ab (N) and immunoprecipitated (IP) at the same pH (Student's t-test, P < 0.01). IN, Input DNA. All results represent the average of at least two independent experiments. Bars indicate the standard deviation from the biological experiments Binding of PAC-3 to gene promoters and gene expression regulation by PAC-3 at pH 5.8 suggests the existence of an active pH signaling pathway at this pH in N. crassa and agrees with previous results showing the presence of processed, and therefore active, PAC-3 transcription factor at the same pH [24] .
Alkaline pH and PAC-3 modulate the expression of genes encoding enzymes of trehalose metabolism
As the trehalose accumulation was also influenced by PAC-3 and the PAL components of the signaling pathway under normal and alkaline pH, we analyzed the expression of the genes encoding enzymes of trehalose metabolism under the same conditions. We assayed the expression of the tps-1 (NCU00793, encodes trehalose phosphate synthase), tps-1α (NCU09715, encodes alphatrehalose phosphate synthase), tps-2 (NCU05041, encodes trehalose phosphatase), tre-1 (NCU00943, encodes trehalase-1) and tre-2 (NCU04221, encodes neutral trehalase-2) genes in mycelia samples from the wild-type and Δpac-3 strains grown at pH 5.8 for 24 h (control) and shifted to pH 7.8 for 1 h. We observed that only tre-1 and tre-2 genes, which encode enzymes involved in trehalose degradation, were regulated by both pH 7.8 and PAC-3 in both strains (Fig. 4) . It is interesting to observe the high expression levels of tps-2 and tre-2 in the Δpac-3 strain at pH 5.8 (Fig. 4) . These results, similar to those observed for genes encoding enzymes of glycogen metabolism, show that PAC-3 and pH independently influence the glycogen and trehalose accumulation by regulating gene expression.
The existence of the PAC-3 motif in all trehalose gene promoters was also confirmed by in silico analysis (Fig. 5a) , and binding in vivo was investigated by ChIP-PCR using the same cell extracts prepared to assay the glycogen gene promoters. As a positive control, the input DNA (IN) was analyzed, and as negative controls, a fragment of the ubiquitin gene lacking the PAC-3 motif and the nonimmunoprecipitated reactions (no Ab, N) were used. The DNA fragments amplified in the ChIP-PCR assays (Fig. 5b) were quantified by ImageJ and the results were plotted (Fig. 5c ). PAC-3 was able to bind significantly to tps-1, tps-2 and tre-1 gene promoters at pH 5.8 and 7.8; however, the protein bound to tre-2 promoter only at pH 5.8 ( Fig. 5b  and c) . Although the expression of the tps-1 gene was not influenced by PAC-3 at pH 5.8 (see Fig. 4 ), the Fig. 4 The expression of trehalose genes in the wild-type and Δpac-3 strains at normal growth pH (5.8) and alkaline pH (7.8) . Cells from the wild-type and Δpac-3 strains were cultured at pH 5.8 for 24 h and shifted to pH 7.8 for 1 h. Mycelial samples were used to extract total RNA. Gene expression analysis was performed by RT-qPCR in the StepOnePlus™ Real-Time PCR system (Applied Biosystems) using the Power SYBR® Green and specific primers described in Additional file 1: Table S1 . The β-tub gene was used as the reference gene, and the wild-type pH 5.8 was used as the reference sample. At least four biological replicates were performed in triplicate, and the data were analyzed using the relative quantification standard curve method. Bars indicate the standard deviation from the biological experiments. a, b, c, d: Letters above the bars indicate statistical significance; different letters indicate significant differences between two samples and similar letters indicate no significant difference between two samples at the same or different pH (Student's t-test, P < 0.01) transcription factor bound to its gene promoter at both pH (Fig. 5c) . In this case, PAC-3 was able to bind to the promoter at pH 5.8, although the protein did not influence its expression. On the other hand, while the expression of tre-2 was influenced by PAC-3 at both pH, PAC-3 was able to bind in vivo to its promoter only at pH 5.8 (Fig. 5) . Interestingly, PAC-3 was unable to bind to tps-1α at both pH in agreement with the gene expression results, which showed that the tps-1α expression was not regulated by the transcription factor under the same conditions (see Fig. 4 ).
Calcium stress affects growth of the Δpac-3 strain and influences its glycogen and trehalose accumulation As previously mentioned, the signaling pathway triggered by calcium was reported to be involved in pH response in S. cerevisiae [16, 19, 20] . In this work, we investigated whether the responses to both signaling pathways are involved in the regulation of the N. crassa glycogen and trehalose metabolism. First, we investigated the calcium response in the wild-type, Δpac-3 and Δpac-3 pac-3 + strains by analyzing the growth of the strains in the presence of increasing calcium concentration, from 10 to 300 mM CaCl 2 . Increased calcium concentration differently influenced growth of the wild-type and mutant strains; the absence of a functional pH signaling significantly influenced the response to calcium stress. While growth of the wild-type strain was significantly reduced in the presence of a CaCl 2 concentration above 200 mM, growth of the mutant strain significantly increased up to 100 mM calcium and reduced only in + complemented strain subjected to pH 7.8 stress or not subjected to it (pH 5.8) were immunoprecipitated with anti-mCherry antibody and subjected to PCR to amplify DNA fragments containing the PAC-3 motif. A DNA fragment from the ubiquitin gene, which does not have a PAC-3 motif, was used as a negative control for binding. The input DNA was used as a positive control and the non-immunoprecipitated reaction (no Ab) as the negative control. L, 1 kb DNA ladder. c The DNA bands after ChIP-PCR were quantified by ImageJ and the results are shown. Asterisks indicate significant difference between no Ab (N) and immunoprecipitated (IP) at the same pH (Student's t-test, P < 0.01). IN, Input DNA. All results represent the average of at least two independent experiments. Bars indicate the standard deviation from the biological experiments the presence of the highest concentration tested (300 mM). Growing the complemented strain under the same conditions restored the wild-type phenotype, confirming that the calcium effects on growth observed in the mutant strain are indeed due to the pac-3 deletion (Fig. 6a and b) .
As the intracellular calcium response involves activation of the protein phosphatase calcineurin, which is inactivated by cyclosporin A (CsA), we analyzed growth of the strains in the presence of CsA. Addition of CsA led to a strong impact in the wild-type strain growth, but not in the mutant strain, at the lowest concentration used (0.05 μM), and a complete growth inhibition of the wild-type and mutant strains at concentrations above 0.1 μM (Fig. 6c) indicating that the calcium response requires calcineurin activity. We confirmed that the calcium response was only calcineurin-dependent by analyzing the effect of a sub-inhibitory concentration of cyclosporine (0.05 μM) on the growth of wild-type, mutant and complemented strains in the presence of increased calcium concentration. The combination of cyclosporine and increasing calcium concentration did not lead to an additive effect of calcium at low concentration. This suggests that the response to calcium stress only involves the calcineurin pathway (Fig. 6d) .
In Fig. 1 , we demonstrated the higher glycogen and trehalose levels in the Δpac-3 strain compared to the wild-type strain at pH 5.8 and 7.8. We previously demonstrated that the pH signaling pathway in N. crassa may be active at pH 5.8 [24] ; therefore, the results of this work indicate that proper glycogen and trehalose levels require an active pH signaling pathway in a pHindependent manner. Since response to alkaline pH also involves the calcium signaling pathway among additional signaling pathways in S. cerevisiae [18] , we next investigated the glycogen and trehalose levels in wild-type and Δpac-3 strains subjected to calcium stress at pH 5.8 using calcium concentrations based on the results shown in Fig. 6b . As demonstrated in the figure, low calcium concentration (10 mM) increases growth of the Δpac-3 strain while high concentration (300 mM) reduces growth of the same strain. Low calcium concentration (10 mM) results in similar responses regarding glycogen and trehalose accumulation in both strains; the levels of both carbohydrates were significantly increased in the wild-type strain and significantly reduced in the Δpac-3 strain (Fig. 7) . However, under high calcium concentration (300 mM), we observed divergent results regarding accumulation of both carbohydrates in the strains. While glycogen levels were decreased in both strains, the trehalose levels were significantly increased in the wild-type strain and not affected by calcium in the mutant strain when compared to mycelium not exposed to calcium (Fig. 7) . In addition, the trehalose levels in the mutant strain under high calcium concentration were higher than those observed at low concentration. In summary, the results suggest that both signaling pathways may contribute to maintain the proper levels of the reserve carbohydrate in N. crassa, and that the response to calcium stress may involve the concerted action of PAC-3. Fig. 6 The effects of Ca 2+ on morphological growth of the Δpac-3 mutant strain. a The wild-type, Δpac-3 and Δpac-3 pac-3 + strains (10 7 conidia) were inoculated onto Petri dishes containing solid VM medium plus 2% sucrose and CaCl 2 at final concentrations of 0, 10, 50, 100, 200 or 300 mM. Radial growth of the colonies was examined after 24 h growth at 30°C. b Growth was measured and the percentage of growth was calculated taking the growth without Ca 2+ as 100%. The results represent at least three independent experiments in duplicate. The asterisks indicate significant differences between the same strain cultured without Ca 2+ and with different calcium concentrations, and the circles indicate significant differences compared to the wild-type strain at the same CaCl 2 concentration (Student's t-test, P < 0.01). Error bars indicate standard deviation. c The effects of 0.05, 0.1, 1, 10 and 20 μM of calcineurin inhibitor (cyclosporin A, CsA) on the wild-type and Δpac-3 strains radial growth. d The effects of different concentration of CaCl 2 plus 0.05 μM CsA on the wild-type, Δpac-3 and Δpac-3 pac-3 + radial growth after 24 h at 30°C
Involvement of calcium and pH stresses in the expression regulation of genes encoding enzymes of both reserve carbohydrates
To better characterize the involvement of both signaling pathways in the reserve carbohydrate accumulation, we analyzed the expression of some genes encoding enzymes of the metabolism of both carbohydrates. First, we analyzed the pac-3 expression in the wild-type strain under both calcium concentrations (10 and 300 mM). A rapid and intense response was observed at low calcium concentration and high transcript levels were observed at high concentration (Fig. 8) indicating that calcium influences the pac-3 transcript levels independently of the concentration. We investigated the role of calcium and pH stresses in the expression regulation of genes encoding enzymes of the glycogen and trehalose metabolism.
We used the same calcium concentrations previously used and we analyzed the expression of the some genes of glycogen metabolism (gsn and gdn) and trehalose metabolism (tps-1, tre-1 and tre-2), which are regulated by PAC-3 at alkaline pH (Figs. 2 and 4) . The results show that calcium concentration differently influences the expression of all genes (Fig. 8) . In general, in the wild-type strain, low calcium concentration (10 mM) represses gene expression while high calcium concentration (300 mM) induces gene expression. On the other hand, in the mutant strain, we observed divergent results when both calcium concentrations are compared. At low concentration, expression of some genes was activated, such as gsn, gdn, and tre-1 while the expression of tre-2 was significantly reduced. In the same way, at high concentration, expression of some genes was repressed, such as gsn, gdn, tps-1, and tre-2 while tre-1 was significantly overexpressed. It is interesting to observe the high expression levels of the tre-1 and tre-2 genes, which encode the trehalase-1 and trehalase-2 enzymes, respectively, both involved in trehalose hydrolysis. It is important to emphasize that the genes assayed encode enzymes involved in the carbohydrates synthesis (gsn and tps-1) and degradation (gdn, tre-1 and tre-2), and we should consider that additional ways of regulation, such as the enzymatic activity regulation could also participate in the controlling of the levels of both carbohydrates.
Although the results of gene expression (Fig. 8) were not consistent with the glycogen levels observed under different calcium concentrations (Fig. 7) , we may conclude that gene expression was significantly influenced by calcium concentration and PAC-3. This suggests the existence of a cross-regulation of both signaling pathways for the proper regulation of glycogen and trehalose metabolism. Since Crz1 is described as the transcription factor activated by calcineurin under calcium stress [34] , we identified the NCU07952 gene product (named CRZ-1) as the putative N. crassa homolog protein. Sequence alignment of the N. crassa CRZ-1, Aspergillus fumigatus and A. nidulans CrzA and Trichoderma reesei CRZ-1 was performed and showed that the N. crassa protein shares the conserved calcineurin interaction site and the zinc finger DNA binding domain (Additional file 4: Figure S3 ). To investigate the cross-regulation of both signaling pathways, we first analyzed the crz-1 and pac-3 promoters (2500 bp upstream the ATG start codon), and a high number of DNA binding sites for both transcription factors were identified in their promoters (Fig. 9a) . crz-1 expression was significantly increased only under high calcium concentration (300 mM CaCl 2 ) indicating that CRZ-1 is a transcription factor responsive to calcium stress. In addition, crz-1 expression was modulated by alkaline pH and by the PAC-3 transcription factor only under pH 5.8 Fig. 7 Glycogen and trehalose accumulation in the wild-type and Δpac-3 mutant strains at 10 and 300 mM of CaCl 2 . Mycelial samples from the wild-type and Δpac-3 mutant strain cultured in the absence of Ca 2+ (zero) at 30°C for 24 h and shifted to calcium stress (10 mM or 300 mM of CaCl 2 ) for 15, 30 and 60 min were used for glycogen and trehalose quantification. The asterisks indicate significant differences compared to the zero sample in the wild-type or mutant strains (Student's t-test, P < 0.01). All results represent the average of at least four independent experiments. Bars indicate the standard deviation from the biological experiments (Fig. 9b) . These data suggest an integrated regulation of both signaling pathways in N. crassa, which is likely required to maintain proper glycogen and trehalose levels. Based on the results, we propose a model (Fig. 10) in which high calcium concentration activates the CRZ-1 (Fig. 9) , likely via calmodulin (CaM), and PAC-3 ( Fig. 8 ) transcription factors. Alkaline pH also activates PAC-3, as previously demonstrated [24] , and PAC-3 regulates crz-1 expression under pH 5.8. We propose that the interplay between both signaling pathways results in the regulation of both transcription factors, and in the regulation of genes encoding enzymes involved in the reserve carbohydrate metabolism glycogen and trehalose.
Discussion
Environmental alkalinization strongly influences a diverse set of biological processes by involving the activation of multiple signaling pathways, which results in the coordinated action of numerous proteins [18, 35] . In S. cerevisiae and Candida albicans, the responses to high pH stress, mediated by the PacC/Rim101p transcription factor, respectively, have been reported and numerous cellular processes have been described, indicating that medium alkalinization has broad effects on the cell biology [16, 19, 36, 37] . Among the numerous processes identified, the carbohydrate metabolism is strongly affected by alkalinization of the medium [19, 38] . In Fig. 8 The influence of Ca 2+ on the expression levels of some genes related to glycogen and trehalose regulation in the wild-type and Δpac-3 strains. Cells from the wild-type and Δpac-3 strains were cultured at pH 5.8 (0) for 24 h and shifted to 10 mM or 300 mM CaCl 2 for 15, 30 and 60 min. Mycelial samples were used to extract total RNA. Gene expression analysis was performed by RT-qPCR in the StepOnePlus™ Real-Time PCR system (Applied Biosystems) using the Power SYBR® Green and specific primers (Additional file 1: Table S1 , qPCR). The actin gene was used as the reference gene, and the zero sample in the wild-type was used as the reference sample. At least four biological replicates were performed, and the data were analyzed using the relative quantification standard curve method. Bars indicate the standard deviation from the biological experiments. The asterisks indicate significant differences compared to the zero sample in the wild-type or mutant strains (Student's t-test, P < 0.01) addition, in the yeast S. cerevisiae, the proper regulation of genes of the carbohydrate metabolism under medium alkalinization may also involve additional controls, including the Snf1 protein kinase [39] and the calcineurin signaling pathway [20] . We previously reported that ambient pH controls glycogen accumulation in N. crassa by regulating the gsn expression [12] , and in this work, we extended the investigation by studying in more details the effects of pH and calcium stresses on the metabolism of the reserve carbohydrate glycogen and trehalose.
We demonstrated here that an active pH signaling pathway is required for proper regulation of glycogen and trehalose accumulation irrespective of pH (normal growth pH and alkaline pH). The Δpac-3 and Δpal strains hyper accumulated glycogen and trehalose at normal and alkaline pH when compared to the wild-type strain indicating a repressor role of PAC-3, which is activated by this signaling pathway, on the carbohydrate metabolism. We also demonstrated that proper carbohydrate levels were influenced by the pathway components (PAL proteins) showing that an active signaling pathway is required to maintain normal carbohydrate levels. In addition, we showed here that PAC-3 regulates the expression of most genes involved in the synthesis and . Cells from both strains were cultured at pH 5.8 during 24 h and shifted to pH 7.8 during 1 h. Cells from the wild-type strain were cultured at normal pH (0) for 24 h and shifted to 10 or 300 mM CaCl 2 for 30, 60 and 120 min. Mycelial samples were collected and used to extract total RNA. Gene expression analysis was performed by RT-qPCR in the StepOnePlus™ Real-Time PCR system (Applied Biosystems) using the Power SYBR® Green and specific primers (Additional file 1: Table S1 , qPCR). The tub-2 and act genes were used as the reference genes in the pH and calcium experiments, respectively. At least three biological replicates were run and the data were analyzed in the relative quantification standard curve method. a, b, c: Letters above bars indicate statistical significance; different letters indicate significant differences between two samples and equal letters indicate no significant difference between two samples in the same or different pH (Student's t-test, P < 0.01). * N. crassa DNA binding site according to Weirauch et al. [33] Fig . 10 Schematic representation of the cross-regulation between alkaline pH and calcium signaling pathways in N. crassa. The regulatory mechanism is presented in the text. Dotted line and question mark between PAC-3 and CRZ-1 indicate an interaction likely existing, but not investigated in this work degradation of glycogen and trehalose, most likely due to the ability of PAC-3 to bind in vivo to most gene promoters at both pH conditions, regulating their expression. An interesting point is that the pH signaling pathway is involved in the regulation of the glycogen and trehalose levels at pH 5.8. As previously described, induction of genes involved in carbohydrate metabolism was observed in S. cerevisiae; however, only at pH 8.0 [19, 38] . Since we previously reported the existence of a processed PAC-3, and therefore a likely active protein at pH 5.8 [24] , we hereby suggest that the regulation results from an active pH signaling pathway at this pH. Additionally, we may also suggest the existence of an active PAC-3 in the absence of pal signaling, being functional in a pH-independent manner, either as a fulllength or proteolyzed protein. However, we cannot preclude the existence of additional proteins being involved in such regulation, similar to the PacX protein in A. nidulans [40] . This protein was reported to play a role in pacC gene repression. In addition, different signaling pathways could be involved establishing a signaling network that results in hyper accumulation of the reserve carbohydrates. Previous work has demonstrated the involvement of the cAMP-PKA signaling pathway [26] and the SNF-1 protein kinase [41] in glycogen metabolism regulation in N. crassa, which are described as involved in the response of S. cerevisiae to high pH [39, 42] . We hypothesize that both of these pathways likely contribute to the pH signaling pathway in N. crassa in order to maintain proper levels of the reserve carbohydrate in a pH-independent response.
Calcium and pH signaling pathways may cooperate to maintain proper glycogen and trehalose levels in N. crassa In S. cerevisiae and C. albicans, it has been demonstrated that different signaling pathways cross talk to regulate the response to alkaline stress. One is the calcineurin pathway; some genes responsive to alkaline pH are also regulated by the phosphatase calcineurin [16, [43] [44] [45] . Increased calcium concentration is an environmental condition that activates calcineurin, which dephosphorylates the Crz1 transcription factor, resulting in its activation and nuclear localization [46] . Although in yeast, both pathways are involved in the adaptation to alkaline pH, their interaction in the regulation of specific cellular processes in filamentous fungi has not yet been described. In this work, we present evidence that accumulation of the carbohydrates glycogen and trehalose and the expression of genes encoding enzymes involved in their metabolism are influenced by calcium concentration and that the response to calcium stress is also influenced by PAC-3. We also demonstrate that the calcium concentration differently impacts the carbohydrates levels in the wild-type and Δpac-3 mutant strains. While low calcium concentration (10 mM) increases the trehalose and glycogen levels in the wild-type strain, their levels decrease in the mutant strain. On the other hand, high calcium concentration (300 mM) significantly increases the trehalose levels in the wild-type strain but has no effect in the mutant strain. In addition, high calcium concentration significantly decreases glycogen levels in the mutant strain while having no effect in the wild-type strain. This suggests that the pH signaling and the calcineurin pathways may interact to properly regulate the reserve carbohydrate metabolism in N. crassa.
Previous works reported that yeast genes related to metabolism, including glycogen and trehalose metabolism, appear to be regulated by multiple regulatory pathways, such as those involving the Snf1 protein kinase, the Msn2/Msn4 transcription factors, and the calcineurin pathway [18] . We described the involvement of the SNF-1 pathway in the regulation of glycogen metabolism in N. crassa; however the regulatory mechanism seems to be the opposite of the one described for S. cerevisiae [41] . While snf1 yeast mutants are not able to accumulate glycogen [47] , the N. crassa Δsnf-1 strain accumulated higher glycogen levels than the wild-type strain. The zinc-finger Msn2p/Msn4p transcription factors, which regulate the expression of stress-responsive genes by binding to the stress response element (STRE), also regulate genes induced by alkaline pH stress [42] . However, N. crassa apparently lacks real Msn2/4p orthologs, which suggests that the stress responses in microorganisms may have evolved differently. We recently identified the SEB-1 transcription factor as a STRE-binding protein in N. crassa [14] . This protein also regulates the metabolism of the reserve carbohydrates glycogen and trehalose under heat stress, and the Δseb-1 strain is sensitive to alkaline pH stress. However, the involvement of SEB-1 in the regulation of the glycogen and trehalose metabolism under alkaline stress in N. crassa requires further investigation. This could reveal new data regarding the modulation of this process by these signaling pathways in this filamentous fungus.
The requirement of the calcineurin pathway in the alkaline pH response of genes involved in glucose utilization in yeast, including genes encoding enzymes of glycogen and trehalose, has been previously described [48] . More recently, the contribution of the calcineurin pathway was confirmed by demonstrating the recruiting of the Crz1 transcription factor via the Calcineurin Dependent Response Element (CDRE) in the promoters of the same genes in response to high pH stress [20] . In S. cerevisiae, the response to alkaline stress includes the increase of cytosolic calcium, which leads to the activation of the Crz1 transcription factor via dephosphorylation by the phosphatase calcineurin [46] . In this work, we demonstrated that extracellular calcium influences glycogen and trehalose metabolism, and that PAC-3 influences in the calcium response. We also identified the N. crassa Crz1 orthologous protein (CRZ-1) and demonstrated that gene expression is induced by extracellular calcium and is modulated by pH and by the PAC-3 transcription factor. Since the pac-3 promoter and most of the glycogen and trehalose genes analyzed in this work possess CDRE at their promoter regions, the role of the N. crassa Crz1 orthologous protein in cooperation with the pH signaling pathway to regulate glycogen and trehalose metabolism should be investigated.
Although not yet described in the literature, we may not preclude the existence of additional transcription factors activated by extracellular calcium, which could also mediate such a response.
The results shown in this work demonstrate that in N. crassa, alkaline pH controls glycogen and trehalose accumulation and that the signaling pathway triggered by calcium stress might cooperate in the regulation. Although we have investigated these two signaling pathways here, it is an attempt to speculate whether the proper regulation of the reserve carbohydrates in N. crassa may involve the interaction of different signaling pathways.
Conclusions
The effect of pH and calcium stresses on the regulation of the reserve carbohydrates glycogen and trehalose was investigated. The levels and the expression of genes encoding enzymes of both carbohydrates were affected by alkaline pH and calcium concentration. Our data confirm and extend previous results reported in N. crassa regarding the control of both reserve carbohydrates, and we speculate that the proper levels of both carbohydrates are under the control of different signaling pathways.
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